We have studied doped superlattices of GaAs/AlGaAs composition. When the doping atoms are introduced into the barriers surrounding the superlattice, as well as to the inner ones, but with half of the concentration, the photoluminescence due to interband transitions from extended superlattice states is detected. This is demonstrated by a study of the sample's photoluminescence in a magnetic field, whose intensity oscillates in concomitance with the SdH spectrum of electrons confined in the miniband.
Introduction
The determination of the characteristic parameters of low dimensional semiconductor systems requires an experimental technique sensitive enough to detect the singularities in the electronic density of states [1] [2] [3] [4] . In superlattices, optical detection of the van Hove singularities associated with electronic minibands has been accomplished by measuring the absorption spectrum due to intraband transitions, in the far infrared wavelength range [5] . Interband optical methods, however, could not be used successfully, due to the formation of excitons at the edges of the van-Hove singularities [1] . In heavily doped superlattices, exciton formation is suppressed, due to Coulomb screening and phase-space filling, and it should be possible to detect miniband singularities by using interband photoluminescence (PL) spectroscopy, which is the subject of the present investigation. One drawback, however, is that often the PL of doped superlattices is completely dominated by transitions between localized Tamm states, precluding the detection of interband transitions associated with extended miniband states [6] . When the doping atoms are located in the inner barrier layers of the superlattice, the spatial separation between the electronic charge and the ionized donors gives rise to a strong bending of the band-edges at the boundaries of the superlattice, which causes a shift of the outer wells from resonance with the inner ones, and Tamm states are formed (for a survey on Tamm states in superlattices see Ref. [7] ).
By solving the Schroedinger and Poisson equations, we found that the band-bending that causes the formation of Tamm states can be avoided if, in addition to the inner barriers, doping atoms are also added to the outer layers of the superlattice, with an areal concentration about half the value used for the inner ones. Superlattices with such a doping profile are investigated in the present report.
Experimental
The AlGaAs/GaAs superlattices were grown by molecular beam epitaxy (MBE) and consisted of 20 GaAs quantum wells of 50Å width, separated by 19 Al 0.21 Ga 0.79 As inner barriers of thickness 50Å. The thickness of the layers in the structures were determined by X-ray reflectivity measurements. The density of Si in each AlGaAs inner layer was 1.9 × 10 12 cm −2 in both samples (one of the samples was also doped in the outer AlGaAs layers, with half of the concentration contained in the inner AlGaAs layers). The Shubnikov-de Haas (SdH) measurements of in-plane conductivity were made on approximately square samples, with contacts in the corners, using currents of ∼200-400 µA. PL measurements were done in the Faraday geometry, using optical fibers and in situ miniature focusing optics. All measurements were done at 2K. Figure 1 shows the Fourier transform of the SdH oscillations for the samples studied. For sample 2434 (doped only internally) we observe a peak at 14T (due to electrons in a Tamm state) and two peaks at 35T and 44T (due to electrons in extended miniband states). For sample 2268 (doped both internally and externally) the Tamm peak was absent, and peaks were detected at 25T and 34T, due to electrons in extended miniband states. The arrows indicate the association of the peaks with either Tamm states (T) or miniband states (M 0 and M 1 ), based on the peak's displacements as a function of the tilt angle between the magnetic field and the axis of the superlattice, as described in Ref. [8] . PL measurements were done as a function of the magnetic field, in the range 0-17T, for both samples. It was observed that the magnetic field causes modifications in the PL spectrum, due to the forma-tion of Landau levels. For the samples with both internal and external doping the Landau level structure developed was weaker than in the sample containing dopants in the internal barriers only. This observation fits well into the assumption that the in the latter type of sample, PL is dominated by electron-hole recombination in Tamm states, whereas in the former type samples, the PL is due to the recombination of electron-hole pairs in extended miniband states. This is because the quantum lifetime of electrons occupying miniband states is about 50% shorter than of electrons in Tamm states, and therefore will be described by a weaker Landau level structure (the quantum lifetime at the Fermi energy for Tamm and extended superlattice states was estimated from the SdH spectrum; SdH oscillations associated with Tamm and superlattice states as in Fig. 1 were isolated from the rest of the SdH spectrum, using a Fourier bandpass filter, and the quantum lifetime was determined from the magnetic field dependence of the amplitude of the SdH oscillations). To establish the nature of the Landau level structure on more solid evidence we measured the PL intensity at fixed photon energies as a function of the magnetic field. Figure 2 shows the output of such an experiment for sample 2268. In order to demonstrate that the origin of the magnetooscillatory PL (MOPL) shown in Fig. 2 is the optical recombination of photoexcited holes and electrons belonging to extended miniband states, the MOPL was Fourier transformed, and the resulting spectrum was compared to the Fourier transform of the SdH oscillations. For all photon energies, the MOPL showed a doublet structure in the Fourier transform. Figure 3 shows the Fourier transform of the MOPL detected at a photon energy of hν = 1.632 eV, and the Fourier transform of the SdH oscillations. The two spectra are remarkably similar. In order to understand the relation between the two spectra, we assume a parabolic in-plane dis- persion. Taking into account the crystal momentum conservation [9] , the energy of the photons emitted when electrons transit between conduction band and valence band Landau levels will be given by
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for transitions at the Van Hove singularities M 0 and M 1 , respectively, where N = 0, 1, . . . and E 0 is the zerofield bandgap, ∆ c and ∆ v are the conduction and valence miniband energy widths, and µ is the reduced mass of the electron-hole pair.
If the magnetic field is increased from zero and the PL is detected at a fixed energy, the PL intensity should undergo maxima whenever the detection energy coincides with one of the energies given by (1) . For photon detection at the Fermi level, i.e. hν = E F = E 0 + φ c , where E F is the Fermi level and φ c is the energy difference between the Fermi level and the bottom of the conduction miniband, the magnetic fields, B N , at which the maxima occur will be given by
therefore the Fourier transform of the MOPL will be characterized by a doublet at the frequencies
On the other hand, according to Onsager's quasiclassical quantization formula, the Fourier frequencies in the SdH oscillations will be given by f SdH = 2πe A e , where A e are the extremal sections of the mini-Fermi surface, hence for parabolic in-plane dispersion we obtain
Since ∆ v ∆ c , and µ < ∼ m * , we expect that when hν ∼ E F then f MOPL < ∼ f SdH . Figure 3 (b) shows that this is exactly what happens, the Fourier transform of the MOPL at hν = 1.632 eV is remarkably similar to the SdH one. This clearly demonstrates that the PL detected arises from interband transitions involving electrons occupying states in a superlattice miniband.
In conclusion, superlattice structures of GaAs/AlGaAs composition were produced, and their low temperature PL was studied in high magnetic fields. A broad luminescence band was observed. Under an applied magnetic field the intensity of the luminescence oscillates in concomitance with
